Photon recycling is examined as an explanation for the observed large carrier lifetimes in an InP/InGaAs photodiode. This effect extends the effective carrier lifetime within a device by re-absorbing a fraction of the photons generated through radiative band-toband recombination events. In order to predict the behavior of this carrier generation, photon recycling has been added to our two-dimensional macroscopic device simulator, STEBS-2D. A ray-tracing preprocessing step is used to map all of the possible trajectories and absorption of various wavelengths of emitted light from each originating node within the device. The macroscopic simulator uses these data to determine the spatial location of the re-absorbed radiation within the geometry of the device. By incorporating the ray tracer results with the total quantity and spectral content of recombined carriers at each node within the simulation, the recycled generation rate can be obtained. A practical application of this model is presented where the effects of photon recycling are used as a possible explanation of the discrepancy between the theoretically predicted and experimentally observed radiative recombination rate in a double heterostructure photodetector.
INTRODUCTION
It is often observed that radiative band-to-band transitions are the dominant recombination mechanism in many high quality direct gap semiconductors. Those carriers which recombine radiatively conserve energy through the liberation of a photon with a characteristic energy near the semiconductor bandgap. Photon recycling is the reabsorption of this emitted light elsewhere in the device to produce additional electron-hole pairs. Thus, photon recycling can be described as an additional generation mechanism which is tightly coupled to the total amount of radiative recombination over the range of the device. The effectiveness of photon recycling depends on many factors such as the dominance of the radiative recombination mechanism and the light confinement properties of the structure.
The influence of photon recycling on the performance ofmany devices has been investigated [1 3] , and in several cases it has been shown that neglecting this effect leads to improper analysis of the carrier transport. Therefore, a general model including the influence of photon recycling should be included within advanced macroscopic device simulators. Unfortunately, many ofthe models used to analyze photon recycling have relied on either one-dimensional or analytical approximations to estimate the distribution of the generated carriers, and general multi-dimensional models don't exist.
The primary impetus behind this study is to develop a fully numerical, general two-dimensional photon recycling model which can be directly coupled into the STEBS-2D [4] macroscopic device simulator. To achieve the desired result, ray tracing techniques are employed to monitor the trajectories and absorption of light propagating through the device geometry. Since the optical properties of the devices of interest are spatially inhomogeneous, and since the generated light from the recombination events has a non-uniform spectral content, the ray tracer must be used to map the absorption of light originating from any point in the device over a range of wavelengths.
As an example of the utility of the model, an
InP/InGaAs double heterostructure photodiode [5] is examined to determine whether the photon recycling phenomenon can be used to explain the discrepancy between theoretically predicted and experimental lifetimes. Experimentally, the lifetime is measured by monitoring the magnitude of the collected current as a light source is moved across the top of the device. Clearly from the geometry of the structure and the nature of the experiment, one-dimensional or analytical models are insufficient and a two-dimensional analysis is necessary.
NUMERICAL MODEL
The overall goal in the implementation of photon recycling is the mapping of the emission of photons at one point to their absorption at all other points in the simulation domain. This requires a discrete approach at the positional as well as the spectrum level. The spatial discretization of the simulation domain follows that of the electrical model, while the continuum of emitted wavelengths is broken into several discrete energy ranges representative of the wavelengths which could originate from a given material.
Ray tracing techniques are used here to model the propagation of light through the crystal. A general purpose, three dimensional, ray tracing algorithm based on the idea of constrained volumes is used to provide the mapping of light emission to absorption [6] . The emitted rays are tracked from volume to volume, and the distance through each is used to determine the total absorption at each node. As the rays move between volumes of differing material, they are refracted and secondary reflected rays are generated. Implicit in this model are features such as wavelength dependent refraction, critical angle calculation, wavelength and angle dependent transmission coefficients, and various surface reflection models including antireflection coatings.
The ray tracing itself is fairly straight forward.
From each node, a large number of rays are emitted in random directions. The path of each ray is followed until either the ray is attenuated or is coupled out of the device without possibility of return. For each initiating point, the detailed absorption within the device is catalogued. This process must be repeated for each simulated wavelength owing to the differing absorption and refraction indices. These data are arranged as a set of cross-referenced lists relating the initiating point of emission, the points contributing to the absorption, and the amount of attenuation. The information from the ray tracing is incorporated into the source term of the current continuity equations of the macroscopic simulator as seen in the flowchart given in Figure 1 
where r is the ray tracer results describing the fraction of the absorbed power at (l, k) due to emission at (x, y) for wavelength A and V(x,y) and V(z,k) are the control volume areas for the originating and absorbing elements.
The macroscopic model used in this study is the drift-diffusion subset of the hydrodynamic simulator. Here, Poisson's equation is coupled to the current continuity equations for inhomogeneous materials [4] . By including the generation rate from. Eq. (3) into the continuity equations and iterating until a self consistent solution is obtained, the effects from photon recycling may be fully included into the device simulation. where AEu is the current estimate of the difference between the electron and hole quasi-Fermi levels, and a and n are the wavelength dependent absorption and index of refraction [7] . Next, an estimate of the total radiative recombination rate at the node is determined by:
RRAD(x,y) B(n(x,y)P(x,y) n2i (2) where the radiative constant B is taken to be the integral of Eq. (1) divided by n/2. The normalized spectrum produced from Eq. (1) is divided into non-overlapping energy ranges centered around the discrete wavelengths simulated by the ray tracer. The fraction, Jx,y,), of the overall spontaneous rate for each wavelength is taken to be the integral of Eq. (1) over each energy range normalized to the integral of the total spectrum. Using
SIMULATION RESULTS
The aforementioned model, included in the macroscopic device simulator, is used to examine the affect of photon recycling upon the performance of the device sketched in Figure 2 . For this device, excess carriers are produced from a 1.3 micron monochromatic light source ten microns in diameter moved laterally across the top surface. This light is absorbed exclusively in the InGaAs with an internal quantum efficiency of 97 percent. For the device in question, the measured minority carrier lifetime is approximately three times larger than that predicted from the theoretical radiative recombination rate. Photon recycling is conjectured here to be a possible cause of this discrepancy.
The two-dimensional device simulator cannot accurately capture the inherent three-dimensional nature of the diffusion of excess carriers in the original experiment. Therefore an assumption between the experimental and theoretical lifetimes observed in this device.
CONCLUSIONS
This paper describes a general purpose model used to include the effects of photon recycling into a macroscopic device simulator. A three-dimensional ray tracer is used to predict how spontaneously emitted light propagates and is absorbed within a semiconductor device. These data are then coupled to a two-dimensional macroscopic device simulator and are used in conjunction with the quantity and spectral content of the radiative recombination rate to predict the total carrier generation due to photon recycling. As an example of the model, the effect of photon recycling is examined in a double heterostructure InP/InGaAs photodiode where it is observed that the inclusion of photon recycling within the InGaAs restores the agreement between the experimentally and theoretically obtained values of carrier lifetime.
